Background: The miniaturised and portable DNA sequencer MinION TM has been 18 released to the scientific community within the framework of an early access 19 programme to evaluate its application for a wide variety of genetic approaches. This 20 technology has demonstrated great potential, especially in genome-wide analyses. In 21 this study, we tested the ability of the MinION TM system to perform amplicon 22 sequencing in order to design new approaches to study microbial diversity using nearly 23 full-length 16S rDNA sequences. 24
portable DNA sequencer to researchers in early 2014, within the framework of the 48 MinION TM Access Programme. The MinION™ is a USB stick-sized device operated 49 from a computer via USB 3.0. Real-time data analysis can be visualised in terms of 50 number of reads and length distribution. Nucleotide base-calling and quality assessment 51 of reads require further processing, where data exchange of Hierarchical Data Format 52 (HDF5) files, containing a large amount of numerical data, is indispensable. This data 53 exchange is done via the Internet through the Metrichor platform; a process that can 54 optionally be launched after the sequencing process itself. According to its theoretical 55 capabilities, the MinION™ provides new alternatives for genomic analyses. One of the 56 most attractive capabilities of the MinION™ platform is the sequencing of complete 57 bacterial genomes, as demonstrated recently by Quick et al. [1] . Another major 58 advantage of the MinION™ platform, compared to other popular sequencing 59 technologies, is its performance in terms of read length. Theoretically, nanopore-sensing 60 technology is able to generate thousands of reads that are hundreds to thousands of 61 nucleotides in length; the only limitation being the DNA fragments generated during 62 nucleic acid extraction procedures, which frequently produce fragmented DNA with an 63 average length of 50kb. Although short-read length sequencing approaches deliver high 64 quality sequences, these partial genome sequences with unsolved repetitive elements 65 make it impossible to study genetic variation or molecular evolution directly or 66 indirectly associated to such elements. Therefore, long-read approaches offer new 67 insights into genomic analysis, facilitating the assembly of complete genomes through 68 hybrid strategies [2] . In addition to genome sequencing analysis, microbial diversity and 69 taxonomic approaches are also deeply limited by short-read strategies. Early massive 70 sequencing approaches producing 50 nt (Genome Analyzer, Solexa/Illumina) to 200 nt 71 (454 Roche) effective reads with a modest average quality only allowed accurate 72 exploration of diversity at the phylum level. However, thanks to improvements in the 73 chemistry of the most common, popular sequencing platforms in recent years, it is now 74 possible to characterise microbial communities in detail down to the family or even 75 genus level. To date, paired-end short read approaches for massive sequencing permit 76 the analysis of sequence information of roughly 30% (~500nt) of the full 16S rRNA 77 gene, which means taxonomic assignment of reads at the species level is elusive. 78 Therefore, implementation of long-read sequencing approaches to study 16S rRNA 79 genes will permit the design of new studies to provide evidence for the central role of 80 precise bacterial species/strains in a great variety of microbial consortia. As a 81 consequence, we present a preliminary study of 16S rDNA amplicon sequencing of a 82 mock microbial community composed of genomic DNA from 20 different bacterial 83 species (BEI Resources) using the MinION TM sequencing platform. The aim of this 84 study is to evaluate the application of nanopore technology in performing bacterial 85 diversity and taxonomic analysis on nearly full-length bacterial 16S strands that are primed by a leader adapter and passed through the pore, the complement 101 reads are generated only if a second adapter (hairpin adapter) is present in the same 102 DNA fragment, thus permitting sequencing both strands of a single molecule in a 103 concatenated manner. The 2d reads are products of aligning and merging sequences 104 from template and complement reads generated from the same DNA fragment: these 105 contain a lower error rate, owing to strand comparison and mismatch correction. After 106 the sequencing process, we obtained 3,404 reads, of which 58.5% were template reads 107
(1,991), 23.8% were complement reads (812), and 17.7% were 2d reads (601). Read 108 lengths had a wide distribution ranging from 12 nt to more than 50,000 nt in length, 109 with a median of 1,100 nt. We hypothesised that extremely large reads might be 110 products of the ligation of multiple amplicons. However, when we tried to align these 111 large reads to reference sequences, we detected no matches (data not shown). 112 Accordingly, a filtering step was performed by retaining 97% of the original dataset 113 (3,297 reads), with a size range between 100 and 2,000nt in length for downstream 114 analysis. 115
In the first step of our analysis, we used the large set of template and complement reads 116 to assess the global performance of the amplicon sequencing process. Consequently, we 117 analysed basic read-mapping statistics to uncover potential pitfalls of the MinION 7 platform and tried to reconstruct the reference sequences. We assembled more than 90% 119 of 16S rRNA gene sequences for all organisms included in the mock community 120 (Table1). We observed that even at very low coverage, such as that retrieved for the 121 Bacteroides vulgatus 16S rRNA gene (Figure 1) , it is possible to reconstruct almost 122 93% of the entire gene. Indeed, the maximum size of amplicons sequenced in all cases 123 was close to the expected amplicon size according to the universal primers used in the 124 PCR design (Table 1 ). In terms of coverage, we hypothesised that the lower than 125 expected number of 16S reads from B. vulgatus species (Figure 1 ) resulted from a bias 126 caused during PCR amplification, despite using high coverage primers [5, 6] , or as a 127 result of the sequencing process itself. To further investigate this matter, we performed 128 an absolute quantification of 16S rRNA genes using qPCR from three different species 129 with a high coverage, close-to-expected coverage, and the lowest coverage, 130 respectively, which were present in the initial PCR sample used for library construction 131 and sequencing. A correlation between the number of molecules present in the starting 132 material and the coverage obtained after the sequencing process (Pearson's r = 0.99, 133 p≤0.0514) was detected ( Figure 2) , indicating that the sequencing process faithfully 134 reproduced the proportion of amplicons present in the sample and the coverage bias was 135 therefore derived from the starting material generated by PCR. Despite this bias, the 136 16S rRNA gene from B. vulgatus was fully assembled with low variation (25/1,403 = 137 1.78%) after DNA read alignment and pileup (Table 1) . 138
Read-mapping statistics were analysed to further measure the performance of 139 MinION TM sequencing in microbial diversity analysis based on 16S rDNA sequences. 140
The GC content of reads produced by MinION TM showed an important and significant 141 correlation (Pearson's r = 0.47, p≤0.0376) against the GC content of reference values 142 (Figure3A), which indicates that the GC content of 16S rDNA sequences is fairly well replicated during sequencing. However, we found a 16S rDNA GC content bias, to 144 some extent, in the reads obtained from MinION TM , which inalmost all cases exceeds 145 the GC content of the reference ( Figure 3A) . To test the probable influence of GC 146 content bias in base-calling accuracy, we performed linear comparisons against 147 mismatch rates, indel rates, and coverage deviation. We observed that both coverage 148 deviation (p≤0.00003) and mismatch rate (p≤ 0.00004) are significantly influenced by 149 read GC content ( Figure 3B and 3C, respectively). In the first case, the influence of GC 150 content on coverage deviation could have a minimal effect because 95% of species 151 analysed show no more than a one-fold deviation. However, with GC bias detected in 152 reads from the MinION TM sequencer, this effect could be magnified, especially in 153 species where GC content is high. On the other hand, we found a strong correlation 154 between the GC content of reads and the mismatch rate retrieved from alignments, 155 which would insinuate again that GC content is a factor that influences 16S rDNA 156 amplicon sequencing in the MinION TM platform. Conversely, GC content did not 157 appear to profoundly affect indel rate ( Figure 3D ). 158
The complete assembly of the amplified 16S rRNA gene permitted the quantification of 159 the level of sequence variants in the consensus sequence. These variants were recovered 160 after a pileup of reads against reference sequences, and they were variable in number 161 with a median of 8 variants per 16S rRNA gene (Table 1 ). This number of nucleotide 162 substitutions means that approximately 0.5% of the 16S rDNA sequence assembled 163 from MinION TM reads retained unnatural genetic variants directly generated from the 164 sequencing process itself, theoretically allowing a bona fide identification and 165 taxonomic assignment of 16S rDNA sequences at the species level. In the worst cases, 166
where the number of variants were meaningful (~2.3% of the full assembly), such as 167 those observed for Acinetobacter baumannii and Bacillus cereus (Table 1) , direct 9 BLAST comparisons of these assembled 16S rDNA sequences against the NCBI 16S 169 database only produced matches with homologous sequences belonging to the same 170 species, respectively (data not shown). 171 A final step in our analysis tested whether or not the information obtained through 172 sequencing of nearly full-size 16S rRNA genes using the MinION TM platform is useful 173 to perform taxonomic assignment with tools commonly employed in microbial 174 community analysis. For this aim, we used the information derived from 2d reads (601 175 reads), which is limited in terms of the effective number of reads but more reliable in 176 terms of sequence identity. Using the SINA web service [7] we obtained the taxonomic 177 assignment of 2d reads to the Silva bacterial 16S database [8] . The results of this 178 approach are shown in Table 2 . Out of the 17 different genera present in the mock 179 community, we retrieved information for six of them, with an assignment threshold of 180 80%, seven with 70% and eight with 60%. Using 60% as the lowest assignment 181 threshold, we started to retrieve unexpected genera composition in our 2d data set, 182
indicating that reliable identifications must be set with a higher identity threshold. As 183 expected, taxonomy assignation was limited to those species with a higher coverage 184 during sequencing processing (Figure 1) , which is consistent with the number of 2d 185 reads expected after aligning and merging respective template and complement reads 186 obtained from the 16S rRNA genes of species over-represented in the starting material. 187
We expect that the whole repertoire of species present in the sample can be detected by 188 increasing the performance of the sequencing process. This would allow us to obtain a 189 larger raw dataset and, particularly, more 2d reads containing more reliable information 190 to perform taxonomic assignments and disclose the full inventory of species present in 191 the microbial community under study. Finally, a BLAST-based assignment against the 192 presented in the mock community analysed (Table 2) . Although other species were also 194 retrieved, they exhibited a high level of affiliation in terms of the 16S rDNA sequence 195 identity to the true species included in the mock community. produce no consensus outputs, leaving a high degree of uncertainty when the number of 210 theoretical species and their abundance is the subject of study [9] [10] [11] [12] . 211
Thanks to the fact that they overcome DNA read limitations at the expense of 212 decreasing throughput, a third generation of sequencing methods based on single-213 molecule technology offers new possibilities to study microbial diversity and taxonomic 214 composition. MinION TM is one of these single-molecule methodologies, which has 215 demonstrated its capacity in genome sequencing [1, 13] . Recent studies have reported 216 the application of this technology in medical microbiology by using amplicon 217 sequencing to determine bacterial and viral infections [14, 15] . Our results indicate that the MinION TM per-base accuracy (65-70% for template reads, and 85% for 2d reads) is 219 in concordance with previous results [1, 14, 16] . We found that sequence coverage was 220 close to expected values in most cases, with the exception of that of B. vulgatus (gene 221 GC = 52%), which was 1.84-fold less than the expected coverage. Using absolute 222 quantification of molecules presented in the starting material, we demonstrated that such 223 coverage bias came from the PCR process used to generate the 16S amplicons, despite 224 using 'universal' primers with higher coverage among bacterial species [5] . Despite 225 this, such coverage was enough to reconstruct 93% of the 16S rRNA gene of B. 226 vulgatus with a low proportion of unnatural variants. 227
We observed a general influence of GC content in the mismatch rate but not in the indel 228 rate. This suggests that base miscalling could be associated with the amplicon GC 229 content. Moreover, a slight correlation between the amplicon GC content observed and 230 coverage bias was evidenced, indicating that GC content could be negatively affecting 231 amplicon coverage to some extent. Although MinION TM was able to replicate the GC 232 content expected for every amplicon sequenced fairly well, we observed a slight over-233 representation of GC in all reads obtained. This over-calling of GC bases in 16S rDNA 234 amplicons could additionally influence the issues stated above in a negative manner. 235
The R7.3 chemistry used in MinION TM allowed the acquisition of reads of moderate 236 quality, which were enough to reconstruct more than 90% of the 16S rRNA gene in all 237 20 bacterial species analysed. None of the 20 16S rDNA consensus sequences 238 assembled showed more than 3% of sequence variation, which can be considered as a 239 threshold for canonical species identification. Therefore, the consensus sequence 240 assembled was useful to obtain a reliable taxonomic identification at the species level. 241
As expected, unnatural variants were associated with low coverage regions. Therefore, 242 increasing the sequencing coverage will drastically reduce the ambiguities of the assembled sequences. When we tested the high quality reads (2d) in common routines 244 for the analysis of microbial communities, the SINA web server retrieved a taxonomic 245 assignation, indicating the presence of 7 genera out of the 17 expected for the mock 246 community without any mismatches (using 70% sequence identity as a threshold). 247
Although this number of matches can be considered low, it was directly associated with 248 the sequencing coverage, therefore, a larger 2d data set generated from a greater 249 sequencing effort would produce enough information to identify the entire community. 250
In terms of the study of microbial communities, results obtained using 16S rDNA 251 amplicon sequencing through the MinION TM device are promising. Despite the 252 observed modest per-base accuracy of this sequencing platform, we were able to 253 reconstruct nearly full-length16S rDNA sequences for 20 different species analysed 254 from a mock bacterial community, and were able to obtain an acceptable taxonomy 255 assignation for high quality 2d reads, only limited by the sequencing effort. This seems 256 to be the major handicap of the MinION TM platform for microbial diversity analysis. To 257 date, MinION TM and nanopore technologies have demonstrated great potential in DNA 258 sequencing by allowing the retrieval of whole bacterial genome sequences with a 259 minimum level of variation [1] . With the results presented here, we postulate that the 260 MinION TM platform is a reliable methodology to study the diversity of microbial 261 communities. It permits: i) a taxonomic identification at the species level through 16S 262 rDNA sequence comparisons, and ii) a relative quantification to determine the species 263 abundance. This type of analysis will likely become more accurate over time as 264 nanopore chemistry is improved in future releases, with the concomitant increasing of 265 the throughput, pivotal to disclose the hundreds of species present in complex microbial 266 communities. The implementation of the "What's In My Pot" (WIMP) Metrichor 267 workflow, which aims to acquire real-time taxonomic sequence identification by comparing against different bacterial references databases (i.e. NCBI, SILVA [8], 269
GreenGenes [17]), will be helpful in other types of analyses related to those presented 270 here. Accordingly, sequence studies of the entire 16S rDNA molecule could allow 271 OTU-based analysis to be bypassed completely, thus making it feasible to obtain a 272 direct inventory of bacterial species and relative abundance, as well as to determine the 273 key players at the species level in different microbial communities of interest. 
